Climate change is altering temperature, precipitation, and other climatic parameters, affecting sectors dependent on water resources, e.g. energy production. The purpose of this study is to analyze the possible influences of climate change on hydropower potential in North Estonia. In Estonian run-of-river hydropower plants, energy comes mainly from water volume. Thus, changes in hydropower production are related to changes in river runoff. The Soil and Water Assessment Tool (SWAT) model is used to study runoff responses to climate change in Kunda, Keila and Valgejõe river basins. A sequential uncertainty fitting algorithm is used for calibration and validation of hydrological models. Two modeling studies from EURO-CORDEX high-resolution simulations are used: RACMO regional climate model (RCM) from the Netherlands (KNMI) and HIRHAM5 RCM from Denmark (DMI).
INTRODUCTION
Small hydropower (SHP) has been a source of electricity generation in Europe since the beginning of 20th century. SHP represents about 9% of renewable and 1.2% of the total electricity generation in the European Union (Kougias et al. ) . In 2010, Estonia had 47 SHP plants with a total installed capacity of 8 MW, the aim is to have 55 plants with a total installed capacity of 9 MW by 2020 (Liu et al. ) . A renewable energy support scheme is interested in increasing the number of small or micro hydropower plants as a feed-in tariff or a fixed premium is legally meant to be paid by the utility (Liu et al. ) . However, there exists a contradictory standpoint by public organizations referring to the very low hydropower share of total electricity production (less than 0.5%) in Estonia (Punys & Pelican ) and to the environmental considerations, i.e. the migration of fish being blocked or adversely affected by the hydraulic structures.
Thus, an evaluation of the impacts of climate change on river discharge will provide valuable information to policy makers.
Estonian topography is relatively flat and rivers have small average slopes. There are over 7,000 rivers and streams in Estonia, however discharge of less than 50 rivers exceeds 2 m 3 /s, and only 14 rivers discharge over Thus, due to the conditions described, hydro power plants in Estonia are mainly small, except the Narva Hydropower station which is owned by the Russian Federation and is operating in the border river. Small scale hydro power plants (SHP) are defined as 'run-of-river' plants which do not require a large impoundment of water, with little or no control of discharge, sometimes implementing diversion schemes to utilize the natural topographic gradient (Kumar et al. ) . The energy comes mainly from the water volume and not from the head of water (Gaudard & Romeiro ) .
SHPs are believed to be 'clean' and 'green' compared to large hydropower plants (Kumar et al. ) , having conditionally low environmental impact (Gaudard & Romeiro ) . However, lately this perception has been questioned (Premalatha et al. ) . Estonian SHPs are facing many administrative barriers (ESHA ). To build and operate a hydropower plant, one needs a Permit for the special use of water (concession) which defines the permit owner's rights and obligations. The licensing procedure for the sector is time consuming. The authorization procedure takes from 4 months to 4 years. Concessions have a duration of only 5 years. Minimal residual flow is prescribed in the water use licensing procedure and is defined as a fraction of flow duration curve (95%). Mitigation measures, i.e. constructing fish passes, are often requested (ESHA ).
The 'run-of-river' hydropower plants are particularly dependent on river discharge. Thus, changes in pattern and amount of available water have a profound effect on hydropower generation. Possible changes in future water storage will differ from region to region around the globe. Gaudard & Romeiro ). Also the spatial resolution has been coarse (Lehner et al. ) . The main objective of this study is to use daily generated climate data from the EURO-CORDEX (Coordinated Downscaling Experiment -European Domain) project and detailed spatial information to study future changes in the North-Estonian hydropower production.
METHODOLOGY
To evaluate the potential changes in hydropower production, the following main actions are taken ( Figure 1 Keila has the largest watershed among the three study areas (Table 1) While it could be argued that using the full available ensemble from EURO-CORDEX would be more informative, authors decided that two models are enough for the current study, as they already give quite different results and the analysis of a full model ensemble is a topic for further studies. RCP4.5 climate change ( Figure 3 ) scenario was selected, as it is the baseline scenario in CMIP5 project and is supported by 20 climate modeling groups.
Climate models in general are mathematical representations based on physical principles which estimate higher for some climate variables (e.g. temperature) than for others (e.g. precipitation) (IPCC ). RCMs are known to be biased, causing even more uncertainties in the future hydropower potential change prediction. Despite biases, RCM's still produce variables which are physically coherent. Muerth et al. () found that bias correction of regional climate simulations provide a closer to reality representation of the climate in the use of hydrological models.
For the whole study region, both initial climate projections have cold biases year round. A larger bias is found during the spring and summer period, where it is around À2 W C according to RACMO-DMI and À3 W C according to HIRLAM5-KNMI. Both projections have cold biases of less than -1 W C for the rest of the period. KNMI tends to predict lower changes in temperature, compared to DMI. The DMI model predicts an overall 30% increase in precipitation, which means potentially higher flows throughout the year. The KNMI model predicts an overall 10% increase in precipitation, except for the summer months, where a slight reduction in monthly precipitation is expected. This suggests a reduction in summer runoff.
Hydrological model and inputs
The Soil and Water Assessment Tool (SWAT) (Arnold et al. In this study the daily maximum and minimum tempera- 
Model evaluation criteria
Three different efficiency criteria are used to evaluate the model performance. These include: coefficient of determination (R 2 ), Nash-Sutcliffe efficiency (NSE) and relative BIAS (PBIAS).
In the equations, O is measured and P modeled discharge values, n is the length of the time series. One of the major drawbacks of R 2 (Equation (1) ) is the fact that only the dispersion is quantified. Thus a model which systematically over-or underestimates will still result in good R 2 values. This is the main reason why R 2 cannot be considered as a sole criteria.
The NSE (Equation (2) be low or no hydroelectricity is generated. The general formula for any hydropower system calculation is:
where P is the mechanical power which is produced at the turbine shaft (watts), η is the hydraulic efficiency of the turbine, g is the acceleration due to gravity (m/s 2 ) and ρ is the density of water volume (kg/m 3 ), Q is the flow rate passing through the turbine (m 3 /s) and H is the effective pressure head (m).
According to Equation (4) ). Thus, the water balance for study basins is physically representative by the SWAT model. (Table 3 ). The spring peak in the study basins tends to occur earlier and be smaller compared to the baseline period. This pattern was more pronounced in the DMI climate projection, resulting from an increase in precipitation ( Figure 7) and lesser winter snow accumulation. A significant increase in autumn discharge was projected by the same model.
Coherence between changes in annual discharge and hydropower potential was evident with some exception. suggests an increase in the hydropower potential in North Europe by the end of 21st century. In Finland and Sweden, the increased runoff will give potentially 19% found an increase of 29% in Estonia whereas slightly higher hydropower potential was found in the current study with a mean value of 35% for North-Estonian study basins (Table 3) .
High flow periods could be better exploited by increasing the number of turbines at SHP, i.e. increasing the installed capacity. Modeling results indicate an annual increase in water discharge and thus hydropower potential increases in all study basins due to the changes in climate. High flow periods could be better exploited by increasing the number of turbines at SHP. It can be concluded that the climate change impact on hydropower potential in North Estonia is likely to be positive.
The results provide a sound basis for energy policy makers towards river management in North Estonia. For future work, it is recommended to implement different land use change scenarios, taking into account developments in technology and policy.
